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Since the isolation of an atomic layer of graphene was demonstrated in 2004, the family of 2D materials has been steadily growing. [1] These new 2D materials include borophene, [2] phosphorene, [3, 4] boron nitride, [5] transition metal dichalcogenides, [6] oxides, [7] and hydroxides. [8] 2D layered materials can be isolated as monolayers. This often imparts unique properties that have been of interest in a wide range of applications, including nanoelectronics, [9] energy storage, [10, 11] and biomedical applications. [12] Transition metal carbides and nitrides, also known as MXenes, are a new class of 2D materials that were first introduced in 2011 and which have attracted significant research focus. The first MXene, Ti 3 C 2 , was synthesized by exfoliating layered Ti 3 
AlC 2 with
Since the advent of monolayered 2D transition metal carbide and nitrides (MXenes) in 2011, the number of different monolayer systems and the study thereof have been on the rise. Mo 2 Ti 2 C 3 is one of the least studied MXenes and new insights to this material are of value to the field. Here, the stability of Mo 2 Ti 2 C 3 under electron irradiation is investigated. A transmission electron microscope (TEM) is used to study the structural and elemental changes in situ. It is found that Mo 2 Ti 2 C 3 is reasonably stable for the first 2 min of irradiation. However, structural changes occur thereafter, which trigger increasingly rapid and significant rearrangement. This results in the formation of pores and two new nanomaterials, namely, N-doped graphene membranes and Mo nanoribbons. The study provides insight into the stability of Mo 2 Ti 2 C 3 monolayers against electron irradiation, which will allow for reliable future study of the material using TEM. Furthermore, these findings will facilitate further research in the rapidly growing field of electron beam driven chemistry and engineering of nanomaterials. hydrofluoric acid. [13] Ti 3 AlC 2 is a member of a larger family of layered carbides and nitrides referred to as MAX phases. [14] MXenes have a chemical formula of M n+1 X n T x , where M is an early transition metal, and X is carbon and/or nitrogen, and n = 1, 2 or 3. T x refers to MXenes surface terminations such as O, F, and OH. [15] [16] [17] In this study, we used M n+1 X n notation when referring to MXenes and do not show T x for brevity.
The number of MXenes is rapidly increasing and many more have been theoretically predicted. In 2015, density functional theory (DFT) was used to predict the existence of two new subfamilies of MXenes (M' 2 M''C 2 and M' 2 M'' 2 C 3 ) and successfully synthesized TiC 2 layers sandwiched by molybdenum layers (Mo-layers) using the precursor MAX phases, Mo 2 TiAlC 2 and Mo 2 TiAlC 2 . [18] The exfoliation of the MAX phases is initially selectively etched and then exfoliated using an intercalant, which finally yielded individual MXene layers of Mo 2 TiC 2 and Mo 2 Ti 2 C 3 , respectively. These individual layers are then dispersible in aqueous solution. Little research has been conducted on these structures, but they show promise for electrochemical energy storage and electromagnetic interference shielding. [18, 19] Notably, very little is known regarding the behavior of individual layers of MXenes when exposed to electron beam irradiation and the published works focused on the use of external heating or a combination of heating and electron irradiation. [20] [21] [22] [23] The nanoengineering and the design of materials with bespoke properties is competitive and has fueled the need for a better understanding of the fundamental properties of MXenes. Several recent studies have explored the interactions between imaging electron beams and other 2D materials for their synthesis and engineering, including with graphene, [24, 25] boron nitride [26, 27] and transition metal dichalcogenides (TMDs). [28] The most relevant damage processes on 2D materials are knock-on damage and radiolysis. Knock-on damage refers to an elastic interaction between the incident electron and the specimen. A material has a knock-on threshold energy which is dependent on the material, the bond strength, crystal lattice and atomic weight of the atoms. Electrons with energy above the knock-on threshold energy can cause atomic displacements in the specimen. Radiolysis refers to an inelastic interaction between the incident electron beam and the specimen. This can lead to sample degradation, including loss of crystallinity and mass loss. [20, 29] Within electron microscopy there is a trend of exploiting these electron beam-specimen interactions in a useful manner. [21, 30] Such investigations are important for developing strategies for nanomaterial synthesis and engineering at the atomic scale.
Electron microscopy in situ investigations on Ti 3 C 2 flakes have been conducted and the formation of new thicker layers of MXenes, such as Ti 4 C 3 and Ti 5 C 4 was observed. [22] Their work focused on using in situ heating (500 °C) and electron irradiation to promote changes in the Ti 3 C 2 lattice. In another study, the surface of Ti 3 C 2 T x layers by in situ heating from room temperature up to temperatures of 750 °C was characterized and the behavior of F and O atoms that are inherently present on the MXene surface was monitored. [20] Their investigations suggested that at temperatures above 550 °C, fluorine atoms start to desorb from the surface and the subsequent vacancies are then occupied by O atoms. This heating process may serve as a means to tailor specific functionalization of the MXene. Further investigations again used elevated temperatures to study the surface chemistry, thermal stability, and the change in electrical properties of a few MXenes. Their results indicated that residual molecules present on the surface of the MXenes can decompose into different species. [31, 32] For example, the delamination process of MXenes using tetrametylammonium hydroxide (TMAOH) can add N-containing species on the surface of the MXene flakes. [31] The delamination process of MXenes can also introduce point defects. Such defects are important because they can regulate the physiochemical properties of MXenes. For example, the characterization of the atomic structure of intrinsic point defects on monolayered Ti 3 C 2 and showed that the etchant (hydrofluoric acid) can introduce different types of point defects and the concentration of these defects can be tuned by adjusting the concentration of the etchant. [33] The atomic structure degradation of Nb 2 C MXene flakes left in vacuum for up to 5 days as well as after exposure to air were investigated. [23] Their work demonstrated that Nb adatoms facilitated the attraction of O, creating oxidation clusters that degrade the entire MXene structure.
Although a few studies have investigated the atomic structure of MXenes in terms of their intrinsic defects and functionalization cause by the delamination process and/or in situ heating, no specific studies have explicitly investigated the interactions of electron beams with MXenes at the atomic level. Fundamental questions regarding the influence of lattice intrinsic defects and the effect of electron irradiation on this class of 2D materials remain unanswered. Few techniques are capable of probing materials at the atomic scale. Cs aberration corrected scanning/transmission electron microcopy (STEM) is a potential technique for the study of MXenes that could provide unique insight into the structural stability of the MXene lattice under electron irradiation. Irradiation with electrons from the imaging beam causes elastic and inelastic interactions that lead to various types of electron-beam-induced damage and changes to the specimen.
This study aimed to explore Mo 2 Ti 2 C 3 monolayers under an imaging electron beam using a transmission electron microscope operating at 300 kV and 80 kV. An intact area of the Mo 2 Ti 2 C 3 monolayer was exposed to various electron beam doses. The dynamics of the structural changes were evaluated using high resolution transmission electron microscopy and STEM imaging and electron energy loss spectroscopy (EELS) to yield elemental information.
TEM investigations revealed that the Mo 2 Ti 2 C 3 flakes were irregular in shape and varied in size ( Figure 1A) . The diffraction pattern shown in the inset presents a hexagonal arrangement, as expected. High-resolution TEM image of the pristine MXene (nonirradiated) is presented in Figure 1B . The dynamic transformations from electron irradiated Mo 2 Ti 2 C 3 monolayers were examined in detail. Figure 1C shows a schematic of a pristine Mo 2 Ti 2 C 3 monolayer under electron beam irradiation. Irradiation of the Mo 2 Ti 2 C 3 flake leads to a number of electron-induced structural changes. Two primary changes were observed, namely the formation of low contrast membranes and ribbons ( Figure 1D ), and the formation of high-contrast ribbon-like structures ( Figure 1E ). However, no clear difference in contrast was observed, which is in agreement with the in-plane ordering of Mo 2 Ti 2 C 3 . [34] Contrast differences can be more easily observed in the cross-section image of the Mo 2 Ti 2 AlC 3 MAX phase, which was demonstrated in an earlier study when Mo 2 Ti 2 C 3 was first introduced. [18] Once the presence of Mo 2 Ti 2 C 3 flakes were confirmed across the grid, a few Mo 2 Ti 2 C 3 flakes were selected for further investigation. The selected areas for electron exposure were as intact as possible, and were free from visible holes, defects or grain boundaries. This ensured that any observed structural changes were due to the electron beam. The areas were exposed to different electron doses ranging between 2 × 10 4 and 3 × 10 4 e Ås −1 for time periods up to 385 s. The selected areas of Mo 2 Ti 2 C 3 were irradiated using an electron beam at an acceleration voltage of 300 kV for six min.
A typical result is presented as a collection of snapshots ( Figure S1 , Supporting Information), which illustrates the numerous electron-beam driven structural changes that occur. The irradiated area of the lattice was of ≈30 × 30 nm 2 . The Mo 2 Ti 2 C 3 lattice was observed to undergo many different changes before completely rupturing. In the early stages of irradiation exposure (≈2 min), the Mo 2 Ti 2 C 3 lattice remains stable across the majority of the sample area ( Figure S1A , Supporting Information). This is an indication that the Mo 2 Ti 2 C 3 monolayers are sufficiently stable to conduct imaging tests. With extended irradiation, electron beam driven changes were observed and were characterized by the appearance of regions with a lighter contrast, as indicated by the red arrow in Figure S1B (Supporting Information). This is indicative of the removal of heavier elements (Ti and Mo) and/or the rearrangement of atoms. With further irradiation, an increasing number of the light contrast membranes were observed and holes began to appear. The low contrast membranes and holes are indicated by red and yellow arrows, respectively, in Figure S1C (Supporting Information). Similar effects were observed when using electron accelerations of 80 kV, although the rate of change was lower. These observations suggested that sputtering (knock-on damage) was the dominant process by which atoms were removed, and it has been established that radiolysis usually increases with decreasing acceleration voltage. [29] The time frame for these changes are typically 0 s to ≈385 s at 300 kV and 0 s to ≈570 s at 80 kV. Further study of this aspect would be required to provide greater detail. As exposure to electron irradiation continued, the holes began to rapidly expand and fuse with other holes. This resulted in the formation of a network of nanoribbons, as indicated by the white arrows ( Figure S1E -G, Supporting Information). The nanoribbons appeared as either light or dark contrast. The formation of nanoribbon networks usually occurred within 60 s. Elemental analysis of heavily irradiated areas suggested the presence of both C and Mo rich regions. A detailed demonstration of the dynamic processes involved was provided in Movies S1-S4 (Supporting Information).
The regions of low contrast represent the N-doped graphene membranes and are discussed in more detail later. These areas were distributed randomly across the irradiated area. Once Small 2020, 16, 1907115 formed, changes to these regions occurred relatively quickly (≈4-6 s) even when the electron dose was reduced to about 6 × 10 3 e Ås −1 . This suggests that the ribbon structures are quite sensitive to electron irradiation viz., have limited stability. The thinning process is shown in Figure 2 , which captures the process from 300 to 375 s. After 300 s only very small (<1 nm) low contrast regions could be observed (false blue shading). However, the lateral size and number of membranes increased with extended irradadion. Careful examination of the membranes indicates that the lattice structure includes pentagonal, hexagonal and heptagonal structures, characteristic of disordered or doped sp 2 carbon suggesting the layers can be graphene-like. In addition, holes appeared and grew until all material was lost and only a vacuum remained. Additional detail for this process is provided in Movie S3 and Figure S2 (Supporting Information). The low contrast membranes seem to comprise a single or bi-layer ( Figure S2 , Supporting Information). The fact that materials is lost after about 6 min indicates that the atoms, Mo and Ti, are removed from the structure and suggests the structure is unstable, which is in contrast to the Ti 3 C 2 MXene behavior, where homoepitaxial growth of hexagonal TiC layers were observed under electron beam irradiation and heating. [22] To confirm the graphene-like structure and removal of Mo and Ti atoms, we used EELS in STEM mode to provide local elemental information. To minimize damage, fast scan rates were used. Figure 3 shows EELS data obtained for different irradiation stages. Figure 3A shows the intact materials and the corresponding EELS spectrum ( Figure 3B ). The EELS spectrum indicated the presence of Mo (227 eV), C (284 eV), and Ti (460 eV), as expected for Mo 2 Ti 2 C 3 . N (401 eV) was also detected. The presence of N is indicative of TBA + (tetrabutylammonium) remaining on the surface of MXene as a result of the delamination process, which is in agreement with a previous study on Mo 2 TiC 2 that was synthesized following a similar process. [32] Lattice changes were observed after ≈300 s of irradiation, such as reducing amounts of high-contrast material and Small 2020, 16, 1907115 the appearance of the low contrast graphene-like membrane ( Figure 3C ). The EELS spectrum in Figure 3D indicates that levels of Mo and Ti were largely reduced, and that the C and N peaks remained, although the C peak had broadened. The broader C edge indicated changes in its bonding configuration. With further irradiation of ≈60 s, the relative intensities of the Mo and Ti edges were significantly reduced with almost no discernable Ti peak, suggesting that Ti was preferentially removed over Mo. The edges for C and N remained strong and were indicative that the low contrast membranes and ribbons consisted of N-doped graphene (Figure 3E,F) .
The low contrast membranes degraded rapidly under the electron beam and this was associated with defective (doped) graphene. [35] [36] [37] Mo and Ti were preferentially removed from the Mo 2 Ti 2 C 3 monolayers during irradiation, which left C and N species to rearrange and form small N-doped graphene membranes or ribbons. The presence of nitrogen is attributed to the introduction of N-containing molecules used during delamination in the Mo 2 Ti 2 C 3 monolayer production process.
Previous studies have shown that MXene delamination with tetrabutylammonium hydroxide (TBAOH) or TMAOH, leaves TBA + or TMA + molecules on the surface. [31, 32] Both studies demonstrated that these molecules decompose into NH 2 /NH 3 / NH 4 + species under heating. The current study suggests a similar phenomenon driven by electron beam irradiation instead of heating. The electron irradiation of TBA + molecules led to the formation of NH x species which may have decomposed to provide a source of N. The N species interacted with C to form N-doped graphene. High-magnification images, stick and ball models of the N-doped graphene membranes and their corresponding image simulations are provided in Figure 4 . The image simulations match well with the obtained microscopy images supporting N-doped graphene sections form.
The production of nanoribbons and nanowires from 2D materials via electron beam irradiation has been demonstrated for TMDs. [38, 39] This study is the first demonstration of nanoribbon formation from a MXene. Figure 5 shows the various steps for Mo nanoribbon formation. Figure 5A shows the Small 2020, 16, 1907115 intact material. Early N-doped graphene membranes begin to form under continued irradiation ( Figure 5B ). With further irradiation, holes continued to form and, in some cases, merged to form a Mo nanoribbon ( Figure 5C,D) . The stability of the ribbons deteriorated with increassing irradiation dose. Different electron doses may slow down the process, but no clear differences in the phenomena are observed with different doses. Figure 6 shows the structural changes to a nanoribbon under electron irradiation ( Figure 6A-E) , after which the ribbon collapsed completely. The in situ data indicated significant changes in the lattice structure. As discussed earlier, the EELS data suggested preferential ejection of the Ti species over Mo. Thus, the high-contrast nanoribbons are likely composed of Mo, and this was confirmed by local EELS measurements ( Figure 6G) . Figure 6A shows a Mo ribbon with the central area matching a (110) orientation [40] (yellow arrow). The regions above and below have different orientations.
At some junctions, the change was not clear (red arrow), suggesting an amorphous-like region. The multiple crystalline orientations were dynamic under the electron irradiation. The entire bottom section of the ribbon later changed to a single crystal orientation and was bound to the top part of the ribbon with a different orientation ( Figure 6B ). The multiple crystal orientations switching to a single orientation can be observed in Figure 6C . Continued irradiation of the single crystal ribbon resulted in material loss until an Mo atomic chain formed and collapsed ( Figure 6D,E) . Movie S4 and Figure S3 (Supporting Information) shows these dynamic processes in greater detail.
The central and thinner area connecting the two sides of the Mo nanoribbon was very unstable and changed multiple times before eventual breakage. Figure 7A depicts a moment when the nanoribbon is changing structure and appears in an almost amorphous state. Figure 7B shows the nanoribbon with various crystal orientations. Figure 7C presents the same image with false coloring to highlight the different orientations. Figure 7D -F provides the d spacing's for the different highlighted areas. Metallic Mo can be presented with different crystalline configurations that vary according to its stability and prevalence. [41] Figure 7D presents a hexagonal-like structure, whereas Figure 7E ,F presents more cubic-like. It is important to mention that the measured lattice spacings can vary strongly due to strain making accurate indexation challenging.
Small 2020, 16, 1907115 In general, we observed dissimilar behavior and stability for the Mo 2 Ti 2 C 3 MXene under e-beam irradiation as compared to a report on Ti 3 C 2 under both electron irradiation beam and in situ heating. [22] While in both studies displacement and re-arrangement of atoms due to the electron beam were observed, unlike Ti 3 C 2 where hexagonal TiC layers were formed, [22] we observed the destruction of the Mo 2 Ti 2 C 3 monolayers, as well as the formation of new nanomaterials, namely, N-doped graphene and Mo crystals that sputter to form Mo nanoribbons. Although the majority of the study utilized a 300 kV acceleration voltage, we observed the same processes at 80 kV, albeit at a slower rate, indicating that the destruction of Mo 2 Ti 2 C 3 in which Ti is removed preferentially over Mo and C, is probably due to the lower sputtering threshold of Ti. The remaining Mo and C species then rearranged independently to ultimately yield Mo nanoribbons and N-doped graphene rather than a molybdenum carbide phase (e.g., MoC, MoC 2 or Mo 4 C 3 ). The other possible reason for the lower stability of this MXene compared with Ti 3 C 2 could be related to the selective etching and delamination process. The use of a Ti 3 C 2 MXene that was Small 2020, 16, 1907115 processed and delaminated in a milder etchant (hydrochloric acid and lithium fluoride) and delaminated without TBAOH differs from exfoliation methods with a harsher etching conditions, which can lead to a higher number of transition metal vacancies. [33] Additionally, the use of TBAOH leads to a smaller flake size, possibly due to more defects occurring during the delamination process. The higher number of defects could contribute to a reduced stability of Mo 2 Ti 2 C 3 . In addition the bonding configurations are obviously different when compared to other MXenes.
We also conducted formation energy calculations ( Figure S3 , Supporting Information). They predict that the most energetically favored molybdenum carbides are MoC (−0.122 eV per atom) and Mo 2 C (−0.140 eV per atom) followed by Mo 3 C 2 and Mo 4 C 3 with formation energies above 0.2 eV per atom. These calculations suggest that molybdenum carbide phases would be more likely than graphene and pure Mo forming. However, the calculations do not take into consideration any structural constraints which clearly do exist in this in situ study and moreover the influence from radiolysis and/or sputtering is not considered. This highlights the complexities of understanding dynamic processes of ordered double-transition metal MXenes under electron beam irradiation and shows further studies are needed for this exciting new family of 2D materials. This might include further studies with controlled temperatures, both in terms of elevated temperatures as well as reduced temperatures (viz. cooling) to help improve sample stability against electron irradiation induced damage as well as understand the various electron beam-specimen interactions in greater detail.
The stability of Mo 2 Ti 2 C 3 monolayer MXenes were examined under electron irradiation in a spherical aberration corrected TEM using 300 kV and 80 kV acceleration voltages. No significant changes are observed over the first 2 min of exposure to radiation. However, for extended irradiation periods beyond 2 min, structural changes are clearly observed. This included the formation of N-doped graphene membranes and ribbons, holes and Mo nanoribbons. The initial stability of Mo 2 Ti 2 C 3 and the subsequent rapid structural changes that occurred upon initial electron beam damage were demonstrated in the movies provided in the Supporting Information. During the in situ electron beam driven process, EELS results indicated preferential removal of Ti species. In some cases, C rearranged to form a graphene membrane or nanoribbon doped by N arising from residual TBA+ molecules from the delamination process. In other cases, Mo nanoribbons formed. Calculations (based on bulk structures) for formation energies show the situation is not straightforward since the suggested carbide formation might be preferential, however structural constraints are not considered in those calculations. The relatively easy surface diffusion of C and Mo species may have also been a consideration factor along with structural constrains (e.g., interfacing aspects). Moreover, at 300 kV, the in situ restructuring of the Mo 2 Ti 2 C 3 was more rapid than at 80 kV. This suggested that sputtering, and not radiolysis, was the primary driving mechanism for atom removal. However, a more specialized study is recommended to confirm this assessment. This study offered insight into the stability of Mo 2 Ti 2 C 3 monolayers against electron irradiation, which is important not only for understanding its characterization stability in TEM, but also for assessing its potential in the rapidly growing field of electron beam driven chemistry and engineering of nanomaterials.
Experimental Section
Mo 2 Ti 2 C 3 Synthesis: Mo 2 Ti 2 C 3 MXene was synthesized by the selective etching of aluminum layers from Mo 2 Ti 2 AlC 3 [34] following a previously reported method. [42] Mo 2 Ti 2 C 3 powder was formed by gradually adding 2 g Mo 2 Ti 2 AlC 3 powder (particle size < 44 µm) to 20 mL 48-51% aqueous hydrofluoric acid (HF) solution over a 60 s period. The solution was stirred at 400 rpm with a magnetic Teflon coated bar at 55 °C for 96 h. The etchant solution was washed five times by adding deionized (DI) water, which entailed shaking for 60 s, centrifugation at 3500 rpm for 120 s for each cycle and decanting the supernatant until the pH was ≈6. After the last decanting, the remaining sediment was mixed with ≈10 mL of DI water and filtered using vacuum-assisted filtration on a porous membrane (Celgard, pore size 0.064 µm). The filtered product was the multilayered Mo 2 Ti 2 C 3 MXene powder used for the delamination process.
To delaminate Mo 2 Ti 2 C 3 powder to monolayer flakes, ≈1 g of the Mo 2 Ti 2 C 3 filtered powder and 10 mL TBAOH (40 wt% in water, Sigma-Aldrich) were stirred in a glass vial with a magnetic Teflon coated bar at 400 rpm for 4 h at room temperature. The basic mixture was washed twice with DI water via centrifugation at 3500 rpm for 120 s per cycle in a 50 mL centrifuge tube. 100 mL DI water was added to the sediment and the mixture was bath-sonicated (Branson 2510 Ultrasonic, 100 W) for 1 h, followed by centrifugation at 5000 rpm for 1 h in two 50 mL centrifuge tubes. The resulting supernatant containing mono-to fewlayer Mo 2 Ti 2 C 3 MXene flakes was used for TEM imaging.
TEM Studies: Samples for TEM imaging were prepared by diluting ≈10 µL of the concentrated Mo 2 Ti 2 C 3 monolayer flake solution in 1 mL of distilled water. The diluted solution was bath-sonicated for 1 min at room temperature. ≈2 µL of the sonicated solution was drop coated on a copper TEM grid, coated with either a Lacey carbon or a quantifoil film. The grid offered support to the Mo 2 Ti 2 C 3 flakes during exposure to vacuum. The drop-coated grid was left to dry at room temperature for 2 h. The grid was then placed in high vacuum (≈10 −6 mbar) at room temperature for about 3 h to remove any remaining water. The grid was transferred immediately from the high vacuum to the TEM column to minimize contamination. This process was repeated for each imaging sample, with a new sample used for each test. The images were obtained using a double Cs corrected FEI cubed Titan TEM working with a 300 kV acceleration voltage.
DFT Calculations: The first-principles DFT calculations were carried out by using the projector-augmented wave (PAW) [43] method and the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [44, 45] as implemented in the Vienna ab initio Simulation Package (VASP). [46] The cutoff energy for the plane-wave basis set was 500 eV. The energy convergence criterion was chosen to be 10 −6 eV. The Brillouin zones for Mo bulk and graphene were sampled using 15 × 15 × 15 and 21 × 21 × 1 k-point mesh. All the atoms were allowed to relax until the forces exerted on each atom were less than 0.01 eV Å −1 .
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